Understanding the atomic-scale mechanisms of solidstate diffusion in silicon at elevated temperatures is of broad scientific and technological interest. The most fundamental of such diffusion processes is self-diffusion. Experimental study of self-diffusion is key to unveiling the properties of the native point defects in Si, providing quantitative comparison to theoretical results from the rapidly advancing field of ab initio and atomistic calculations. These properties, moreover, serve as key fundamental parameters for predictive modeling of dopant diffusion in state-of-the-art semiconductor device technology.
On the atomic scale, diffusion in silicon can be mediated by either native point defects, namely, self-interstitials ͑I͒ and vacancies ͑V ͒, or by a direct substitutional exchange mechanism ͑E͒ which occurs in their absence [1] [2] [3] [4] . Despite many years of research, there has been an intense debate about which one of these three mechanisms dominates self-diffusion. Recently, epitaxial growth of isotopically enriched Si structures has been possible, opening the way for direct experimental observation of self-diffusion phenomena for the first time [5, 6] . Experiments under thermal equilibrium concentrations of native point defects have shown that the Si self-diffusion coefficient D eq Si exhibits Arrhenius behavior,
with a single activation enthalpy, H, and prefactor d 0 in the temperature range 850-1400
. In Eq. (1), T denotes absolute temperature, and k B is the Boltzmann's constant. In addition, utilizing similar isotope structures, we have recently reported nonequilibrium experiments, where point defect concentrations have been perturbed from their thermal equilibrium values by thermal oxidation and nitridation [6] . These experiments have provided direct evidence that Si self-diffusion is mediated by a dual vacancy-interstitial mechanism with the possibility of a small exchange component.
In this Letter, we investigate self-diffusion in Si at 800 and 900 ± C. Combining these results with our data at 1000 and 1100 ± C [6] enables us to determine the activation enthalpies of the native point defects in Si. We create nonequilibrium point defect concentrations by thermal oxidation, a well-studied surface reaction which injects interstitials. Measuring the resulting deviations from equilibrium diffusion coefficients for antimony (a vacancy diffuser), phosphorus (an interstitial diffuser), and selfdiffusion under identical anneal conditions, we determine the I-and V-mediated fractions of self-diffusion f SiI and f SiV , in the temperature range 800-1100 ± C. The temperature dependence of these fractions gives information about the thermodynamic properties of native point defects. Some preliminary results have been reported in a conference proceedings [7] . Our findings, in disagreement with the currently accepted picture that I dominates self-diffusion at high, and V at low temperatures, demonstrate clearly that both mechanisms have comparable contributions over a wide temperature range. This strong competition is a manifestation of the similarity between the thermodynamic properties of these two native point defects in Si.
Three structures were fabricated for this experiment. The first was a Si isotope structure with an n-type background doping of 10 15 cm 23 , grown by chemical vapor deposition (CVD) with a surface layer of approximately 170 nm containing the three stable isotopes of Si in their natural relative abundances, and a buried layer heavily depleted in 29 Si and 30 Si. For example, 30 Si, the isotope used to monitor self-diffusion, was reduced from a natural abundance of 3.10% at the surface to 0.002% at the buried layer. The self-diffusion coefficient has a small dependence on the mass of the diffusing species (the isotope effect), but the difference between the diffusivities of the three isotopes of Si is calculated to be no more than 1%, which is negligible in comparison to the experimental error. The second and third structures grown were P and Sb doped Si, fabricated by ion implantation of the respective species, an inert drive-in anneal at 1100 ± C for 5 h, and CVD growth of intrinsic natural Si to form the surface layer for the dopants to diffuse into.
After growth, these three structures were annealed in a furnace in an oxidizing (100% O 2 ) ambient at 800-1100 ± C for times between 1 and 100 h. In addition, all structures were annealed in an inert ambient (100% Ar) at temperatures ranging from 900 to 1100 ± C for times between 1 and 72 h. The equilibrium (inert anneal) diffusivity values at 800 ± C were extrapolated from higher temperature data.
The diffusion profiles resulting from all anneals along with the as-grown profiles for 30 Si, P, and Sb were obtained by secondary ion mass spectroscopy (SIMS). SIMS analysis for 30 Si was performed on a CAMECA-4f instrument with a 3 keV O 1 2 primary beam at an average sputtering rate of 5 Å͞s. For P and Sb, a CAMECA-3f instrument with a 14.5 keV Cs 1 beam was used. We have explicitly verified by a convolution routine that values of the extracted self-diffusion coefficients are left unchanged by any possible SIMS broadening effects due to ion beam mixing.
The P, Sb, and self-diffusion coefficients in Si under both inert and oxidizing ambients were extracted by taking the as-grown profile, and using TSUPREM-4, a simulation program, to numerically diffuse it by solving Fick's second law until a match was achieved with the SIMS profile after annealing. The extrinsic conditions in the P and Sb structures cause some slight concentration dependent diffusion, and also set up an internal electric field which results in an additional drift component of diffusion [2] . These effects as well as furnace temperature ramp periods were taken into account in the simulation program. Small correction factors for the depth and concentration scales were also included as parameters in this least-squares fitting process. Figure 1 shows the SIMS profiles for the 24 h inert anneal and 36 h oxidation at 900 ± C for the Si isotope structure, along with the corresponding simulation fits. The extracted equilibrium diffusion coefficients show a good fit to Arrhenius behavior [Eq. (1)] with a single activation enthalpy in all cases. For P and Sb, we find that D eq P 1.37 exp͑23.55͞k B T ͒ and D eq Sb 49.0 exp͑24.19͞k B T ͒ cm 2 ͞s, respectively. These values agree well with previously published data [8] . In addition, the equilibrium self-diffusion coefficients exhibit an excellent fit to the expression obtained in Ref. [5] , D eq Si 560 exp͑24.76͞k B T ͒ cm 2 ͞s, and lie well within the error bars reported in that work. The data points and best fits for all three cases are plotted in Fig. 2 as a function of inverse absolute temperature.
The ratio of the diffusivity under oxidation to that under inert annealing for each species is listed in Table I at temperatures of 800-1100 ± C. The ratios at 1000 and 1100 ± C were taken from our earlier work [6] , normalized by the corresponding equilibrium diffusivities obtained in the preceding paragraph [9] . The diffusivity ratios under oxidation are related to the fractional contributions of atomic-scale diffusion mechanisms by [2, 10] D
where A represents the diffusing species (A P, Sb, or in the case of self-diffusion, Si), and f AI , f AV , and f AE are the I, V, and E fractions, respectively, of A diffu- sion under equilibrium conditions. These fractions are constants at a given temperature. In the case of equilibrium, denoted by the superscript eq, Eq. (2) reduces to the normalization condition, f AI 1 f AV 1 f AE 1. For self-diffusion, Eq. (2) is exact; for dopant impurities like P and Sb, it holds true to a very good approximation, as discussed in detail in Ref. [10] . The ratios involving the I and V concentrations, C I and C V on the right-hand side, are the perturbation levels of these defects under nonequilibrium conditions. The superscript ox denotes oxidation. Diffusivity ratios and point defect perturbation levels measured at the end of the experiment are time averaged values. Point defects exist in multiple charge states whose properties depend on the Fermi level.
FIG. 2.
Arrhenius plots of the equilibrium diffusion coefficients for P, Sb, and self-diffusion in Si. The symbols are the data points, and the solid lines show the best fits given in the text. The two dashed lines represent the lower and upper bounds of experimental error for the self-diffusion coefficient reported in Ref. [5] . Since intrinsic carrier concentrations prevail in our isotope structures over the whole temperature range of this study, no disguised temperature dependence is introduced in the calculation of point defect properties. All values reported in this work represent an average over possible charge states present under intrinsic conditions. It has been well established that, during oxidation, the perturbation of point defects from equilibrium is in the form of interstitial injection from the surface into the bulk, causing a supersaturation of I and an undersaturation of V [2] . It has also been well established from both experiment and theory that P diffusion is mediated almost exclusively by an I mechanism (i.e., f PI ഠ 1), whereas Sb diffuses predominantly by vacancies ͑ f SbI ഠ 0͒ [2, 3, 10] . Consequently, oxidation results in a P diffusivity enhancement comparable in magnitude to the supersaturation of I, and an Sb retardation equal to the undersaturation of V. Finally, a combination of nitridation and oxidation anneals at 1000 and 1100 ± C has concluded that even if there is an E component of Si self-diffusion, its contribution is much smaller than those of the point defect mechanisms [6] . Furthermore, theoretical calculations have predicted the E component to be at least an order of magnitude smaller than I and V components [11] .
Assuming f PI 1, f SbI 0, and f SiE 0 based on the discussion in the preceding paragraph, we have solved Eq. (2) for f SiI , and listed the values obtained in the temperature range 800-1100 ± C in the last column of Table I . These values are also plotted in Fig. 3 , including the error bars. These error bars are due partly to relaxing the above assumptions on f PI , f SbI , and f SiE , and partly to taking into account experimental uncertainty. In recent experiments, we have shown that at 1100 and 1000 ± C, f PI $ 0.96 and f SiE # 0.14, and in conjunction with the oxidation data presented in this work, at 800-1100 [6, 10] . Solving the system of three equations (one equation each for P, Sb, and self-diffusion) having the form Eq. (2) with these upper and lower bounds, and taking into account our estimate of the experimental error, 65%, in the measured diffusivity ratios listed in Table I , we arrive at the error bars shown in Fig. 3 . We find that the contribution of experimental uncertainty to the overall error is larger than that of the assumptions on f PI , f SbI , and f SiE . The main component of this uncertainty comes from SIMS crater depth measurements done by stylus profilometry. In Fig. 3 , we have also plotted, represented by the solid lines, f SiI extracted from experimental studies of substitutional-interstitial metal diffusers (e.g., Au, Zn, and Pt) in Si [1, 12, 13] . Results from other similar experiments [14], a combination of Zn and self-diffusion data [5] , and tight-binding calculations [15] exhibit similar trends. In striking contrast to these results, f SiI obtained directly using isotopically enriched structures manifests a much weaker dependence on temperature. Figure 3 shows that this conclusion is unaltered even if error bars are taken into account. Furthermore, we observe an increase in f SiI with decreasing temperature, which is exactly the opposite of the trend extracted from metal diffusion experiments. By directly monitoring the diffusion of Si atoms, we have avoided some of the assumptions involved in the interpretation of metal diffusion data. Our findings show that within the temperature range 800-1100 ± C, f SiI is confined between 0.5 and 0.62.
Ultimately, the temperature dependence of f SiI , and hence f SiV , is closely linked to the thermodynamic properties of the corresponding point defect by
with the temperature independent prefactor given by
where the subscript X I, V, or E, l X is the correlation factor of order unity (we do not use the traditional notation of f X for the correlation factor in order to distinguish it from f SiX ), g X is the geometry factor, a 0 is the lattice constant, and n X is the attempt frequency. Furthermore, for the point defect mechanisms, the activation enthalpy H X equals the sum of the formation and migration enthalpies of the defect X, i. [5] , tightbinding molecular dynamics calculations [15] , and atomistic simulations using the Stillinger-Weber potential [16] predict H I to be as much as 1 eV larger than H V . Our results, on the other hand, strongly suggest that the difference between H I and H V is on the order of only a few tenths of an eV. The value of H I obtained in this work agrees, within error bars, with that extracted recently from the energetics of self-interstitial clusters in Si [17] . Focusing on the results for S I and S V , we see that both entropies are large and comparable in magnitude. Our results agree with the theoretical findings of Ref. [11] that even simple native point defects can have large entropies of formation, and that S F I and S F V are similar in magnitude. It is also possible that this large entropy is an indication of the presence of extended defects as proposed previously [18] , or of complex defects such as di-vacancies or di-interstitials.
In conclusion, we have studied Si self-diffusion under both equilibrium and nonequilibrium concentrations of point defects using isotopically enriched structures. A comparison of these results with identical anneals for an interstitial diffuser, P, and a vacancy diffuser, Sb, was used to find the temperature dependence of f SiI , and consequently, the thermodynamic properties of the native point defects. These results constitute direct experimental evidence of the strong competition between the I-and V-mediated mechanisms of self-diffusion, and of the astonishing similarity between the energetics of these native point defects in silicon.
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